An experimental investigation of the interaction of plasmas with antennas by Taylor, W. C.
". . 
N A S A   C O N T R A C T O R .  
R E P O R T  
LOAN C@FY: RETURN TO 
AF'VW L (DOGL) 
KIRTLAND AFB, N. M, 
A N  EXPERIMENTAL INVESTIGATION 
OF THE INTERACTION OF 
PLASMAS WITH ANTENNAS 
by W. C, Taylor 
Prepared by 
STANFORD RESEARCH INSTITUTE 
Menlo  Park, Calif. 94025 
for L a q l e y  Research Center 




4. Title and Subtitle 
~- . . I  
5. Report Date 
AN EXPERIMENTAL INVESTIGATION OF THE INTERACTION December 1970 
OF PLASMAS WITH ANTENNAS 6. Performing Organization Code 
"~~~ - .. - -~ .. ~ ~ 
7. Author(s) 8. Performing Orqanization Report No. 
W. C.  Taylor 7729 
10. Work Unit No. 
9. Performing Organization Name and Address 
Stanford Research  Institute 
Menlo Park 
California 13. Type  of Report and  Period  C vered 
National  Aeronautics  and  Space  Administration 
Washington, D.C. 20546 
11. Contract or Grant No. 
NAS 1-8889 
12. Sponsoring  Agency  Name  and  Address Contractor  Report 
14. Sponsoring  Agency  Code 
- - - - . . . . . . . . ~ 
15. Supplementary  Notes 
. .. .- - ~ -. -. - ~. .. - .. ~~ ~~~- .. ~~ ~ ~~ 
-" "" " ~ - - - ~ 
16. Abstract 
" ~. ~ 
A program of measurements is reported  related  to two  phenomena of plasma/antenna 
interaction.  The  major  portion of the  program  consisted of measurement of admittance of 
three  antennas  exposed  to  the  plasma of the SRI 12-inch  shock  tube.  These  three  antennas 
are part  of the  plasma  diagnostic  flight  instrumentation of the  Reentry  Attenuation  Measurement 
program (RAM) of NASA's Langley Research  Center. Most of the  measurements  were made at 
a single  pressure  level (0.1 torr  initial tube pressure),  but over a wide range of electron 
density (lolo to 10 el/cm3). The results are compared with theoretical predictions. 13 
In the  other  portion of the  program,  an  exploratory  experiment was performed  to 
investigate  techniques  for  measuring  the  effects of local  injection of electrophilic  chemicals. 
Sulfur  hexafluoride  was  injected  into  the  shock-tube flow upstream of both an X-band slot 
antenna and electrostatic  wire  probes.  The  effects of the  injected  chemical  were  measured 
with respect  to both  antenna  breakdown  thresholds  and  thermal  ionization  levels.  The  injection 
rates and  microwave  power  were  varied  from  shot  to  shot, and the  results are compared with 
shots without injection. 
"~ " . .~ "_ 
7. Key Words (Suggested by Author(s) ) 
s e n n a  i n t e r a c t S r i s i n m a g n e &  
wave pro'pagaticmphock  tubemeaswements- 
1 
19. Security Claaif. (of this  report) I 20. Security  Classif. (of this page)  I; 
Unclassified  Unclassified 63 $3.00 
" - " 
3 \ hii For sale by the  National Technical Information Service,  Springfield, Virginia 22151 
I 
b , .  

. . " . . 
CONTENTS 
LIST OF ILLUSTRATIONS . . . . . . . . . . . . . . . . . . . .  
LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . .  
LISTOFSYMBOLS . . . . . . . . . . . . . . . . . . . . . . .  
I  NTRODUCTION . . . . . . . . . . . . . . . . . . . . . .  
I1 ADMITTANCE MEASUREMENTS . . . . . . . . . . . . . . . .  
A . Description of Antennas  and  Shock-Tube Mounting . . 
B . Results of Measurements  on  RAM  C  Antennas . . . . .  
1 . Preliminary  Tests  and  Calibrations . . . . . .  
2 . 0.1-Torr  Measurement  Results . . . . . . . . .  
3 . 1.0-Torr  Measurement  Results . . . . . . . . .  
C . RAM  C-C  Results . . . . . . . . . . . . . . . . . .  
I11 DISCUSSION  OF  ADMITTANCE  MEASUREMENTS  FOR  PLASMA 
DIAGNOSTICS . . . . . . . . . . . . . . . . . . . . . .  
IV MEASUREMENT OF EFFECTS O F  INJECTING SF ON IOKIZATION . . 
A . Background . . . . . . . . . . . . . . . . . . . .  
B . Mechanisms f o r  Alleviation . . . . . . . . . . . .  
6 
1 . Thermal  Plasma  Alleviation . . . . . . . . . .  
2 . RF Ionization  Mechanisms . . . . . . . . . . .  
C . Experimental  Arrangement  and  Procedure . . . . . .  
D . Results of Measurements . . . . . . . . . . . . . .  
1 . RF Ionization . . . . . . . . . . . . . . . .  
2 . Thermal Ionization . . . . . . . . . . . . . .  
E . Discussion and Conclusions . . . . . . . . . . . .  

























. . . .  

ILLUSTRATIONS 
F ig .  1 
F i g .  2 
Fig .  3 
Fig .  4 
Fig.  5 
F ig .  6 
F ig .  7 
Fig .  8 
Fig .  9 
Fig .  10 
Fig .  11 
Fig .  12 
Fig .  13 
Fig .  14 
Fig .  15 
F i b e r g l a s s  Tube wi th  RAM C Antennas Mounted 
a t  Downstream End . . . . . . . . . . . . . . . . . . . .  4 
RAM C Antennas Mounted on  Ground P lane  . . . . . . . . .  5 
V i e w  of T e s t  F a c i l i t y  I n c l u d i n g  E l e c t r o s t a t i c  P r o b e  
Array and Window i n   F i b e r g l a s s  . . . . . . . . . . . . .  7 
Block Diagram of S-Band Equipment f o r  Admittance 
Measurements . . . . . . . . . . . . . . . . . . . . . .  9 
Block Diagram of X-Band Equipment f o r  Admittance 
Measurements . . . . . . . . . . . . . . . . . . . . . .  9 
Example of Slotted-Line Microwave-Probe-Detector 
Ca l ib ra t ion   Leve l s  . . . . . . . . . . . . . . . . . . .  12 
Example  of 0.1-Torr Shot  Data on RAM C Antennas . . . . .  14 
RAM C S-Band Admittance Data Referenced t o  T e r m i n a l s  
( n o t   c o r r e c t e d   f o r   l i n e   l o s s )  . . . . . . . . . . . . . .  16 
RAM C S-Band R e f l e c t i o n  C o e f f i c i e n t  a s  F u n c t i o n  
of   E lec t ron   Dens i ty  . . . . . . . . . . . . . . . . . . .  17 
RAM C X-Band Terminal Admittance (l ine-loss 
corrected) . . . . . . . . . . . . . . . . . . . . . . .  18 
RAM C X-Band R e f l e c t i o n  C o e f f i c i e n t  v s .  E l e c t r o n  
Dens i ty ,  Measured  and  Theory . . . . . . . . . . . . . .  19 
Comparison of Measured RAM C X-Band Aperture  
Admittance  with  Theory . . . . . . . . . . . . . . . . .  21 
Example of 1.0-Torr Shot  Data on RAM C Antennas . . . . .  23 
RAM C Ref l ec t ion  Coef f i c i en t  Da ta  vs .  E lec t ron  
Dens i ty ,  Compared with  Theory . . . . . . . . . . . . . .  24 
Measured  Admittance of RAM C-C Antenna (p  = 0.1 torr), 
Referenced to  Terminals  . . . . . . . . . . . . . . . . .  26 1 
V 
ILLUSTRATIONS (Concluded) 
F ig .  16 R e f l e c t i o n   C o e f f i c i e n t  of RAM C-C Antenna a s  a Funct ion 
of E lec t ron   Dens i ty ,  Compared with  Theory . . . . . . . .  28 
Fig .  17 Aperture   Susceptance,  RAM C-C, Theory  vs.  Experiment . . 29 
Fig .  18 I n v e r t e d   P a r a b o l i c   P r o f i l e  of Elec t ron   Dens i ty  
and Corresponding  Spec i f ic  At tenuat ion  (one  way) 
for  Case Shown w i t h  v/W = 0 . 4 ,  f = l o l o  Hz . . . . . . .  
w i t h  d c  f o r  D i f f e r e n t  Schemes of Varying dc . . . . . . .  
33 
Fig .  19 Comparison  of   Theoret ical   Reflected  Phase  Variat ion 
34 
Fig .  20 Equi l ib r ium  E lec t ron   Dens i ty   a s  a Function  of  Attachment 
Rate   for   Four   Values   of   Thermal   Ionizat ion  Rate ,  S . . .  38 
F ig .  21 Breakdown Thresho ld   fo r  X-Band S l o t   i n  A i r  
and SF6 . . . . . . . . . . . . . . . . . . . . . . . . .  4 1  
Fig.  22 Photograph  of  Antenna,  Probes, and Porous  Plug 
i n  P l a t e  Used i n  SF6 Injection Measurements . . . . . . .  43 
F ig .  23 Ref lec ted  X-Band Pulses   for   Var ious   In jec t ion   Schemes ,  
w i th  400 W Inc iden t  Power . . . . . . . . . . . . . . . .  46 
Fig .  24 Ref lec ted  X-Band P u l s e s  for Various  Inject ion  Schemes,  
w i t h  800 W Inc iden t  Power . . . . . . . . . . . . . . . .  48 
Fig .  25 Probe-Current  Reduction  on 2-mil Wire Probe for Three 
D i f f e r e n t  S h o t s  ( u p p e r  t h r e e  t r a c e s ) ,  Compared wi th  
Wedge-Probe Curren t  on S imi la r  Shot  Showing  Nominal 
T e s t  Time . . . . . . . . . . . . . . . . . . . . . . . .  50 
Fig .  26 Curren t   Col lec ted  by 2-mil Wire Probes a s  Function 
of I n j e c t i o n   R a t e s  . . . . . . . . . . . . . . . . . . .  52 
TABU 
Table  I I n f e r r e d   I o n i z a t i o n  and Attachment R a t e s  . . . . . . . .  49 



































S p e c i f i c  a t t e n u a t i o n  
Normalized susceptance 
Dis tance  f rom aper ture  (see Fig.  18) 
D i s t a n c e   o u t   t o  n (see Fig.  18) 
D i f f u s i o n  c o e f f i c i e n t  
Microwave frequency 
Normalized  conductance 
E l e c t r o s t a t i c - p r o b e  c u r r e n t  
E lec t ron  dens i ty  
C r i t i c a l  e l e c t r o n  d e n s i t y  
I n i t i a l  e l e c t r o n  d e n s i t y  
Peak  e l ec t ron  dens i ty  ( see  F ig .  18) 
I n i t i a l  shock-tube pressure 
Thermal i o n i z a t i o n  s o u r c e  r a t e  
Time 
Equi l ibr ium temperature  
Shock  speed 
Microwave vo l t age  co r re spond ing  to  inc iden t  wave 
Microwave-probe vo l t age  
Recombinat ion coeff ic ient  
Magnitude  of r e f l e c t i o n  c o e f f i c i e n t  
D i s t a n c e   t o  n ( s e e   F i g .  18) 
Pk 
C h a r a c t e r i s t i c  d i f f u s i o n  l e n g t h  
Co l l i s ion  f r equency  
Attachment frequency 
C 
v i i  
V Ionization  frequency 
i 
w Microwave radian  frequency 
w Plasma radian  frequency 
P 
T Time from beginning  of  pulse t o  time at which n reaches  n 
C 
v i i i  
AN EXPERIMENTAL  INVESTIGATION OF THE INTERACTION 
OF PLASMAS W I T H  ANTENNAS 
By W .  C. Taylor  
S tan fo rd  Resea rch  Ins t i t u t e  46 
I INTRODUCTION 
This  is the  F ina l  Repor t  on a one-year study that i s  t h e  f o u r t h  i n  
a s e r i e s ,  a l l  d e a l i n g  g e n e r a l l y  w i t h  t h e  problem of communications during 
h y p e r s o n i c   f l i g h t .  The f i r s t  t h r e e  s t u d i e s  were r e p o r t e d  e a r l i e r .  1-3 t 
The primary emphasis of this study was to  de t e rmine  the  accu racy  of 
i n f e r r i n g  e l e c t r o n  d e n s i t y  from measurements of the admittance of three 
d i f f e ren t   an t ennas   u sed  on t h e  RAM f l i g h t - t e s t  program. In   add i t ion ,  
preliminary measurements were made t o  s t u d y  t h e  e f f e c t s  of l o c a l  a d d i t i o n  
of su l fu r  hexa f luo r ide  to  the  hype r son ic  f low,  wi th  r e spec t  t o  bo th  an- 
tenna  breakdown t h r e s h o l d s  and t h e r m a l  i o n i z a t i o n  l e v e l s .  
Sec t ion  I1 of th i s  repor t  concerns  the  ads i t tance  measurements ,  and 
Sec t ion  I11 is  a d i scuss ion  of t h e  u s e  of measured antenna admittance 
t o  i n f e r  t h e  f l i g h t - t e s t  p l a s m a  p r o p e r t i e s ,  e s p e c i a l l y  t h e  p r o f i l e  o f  
t h e  e l e c t r o n  d e n s i t y  n o r m a l  t o  t h e  v e h i c l e  s u r f a c e .  S e c t i o n  I V  r e p o r t s  
t h e  measurements  wi th  su l fur  hexaf luor ide  in jec t ion ,  
1 

I I ADMITTANCE  MEASUREMENTS 
Two of the a n t e n n a s  t e s t e d  i n  this program have already been tested 
on RAM f l i g h t  tests (RAM C antennas)  and one w i l l  be  f lown in  a f u t u r e  
f l i g h t  test (RAM C-C). The SRI arc-driven  12-inch  shock  tube  can  be  used 
t o  p r o d u c e  p l a s m a s  t h a t  a r e  s i m i l a r  i n  b o t h  g a s  d e n s i t y  and inboard 
boundary-layer  prof i le  of  e lectron densi ty  found around blunt  bodies  in  
t he  a l t i tude  range  be tween about  75 and 175 k f t .  The tests repor ted  
h e r e  a t  0.1 torr i n i t i a l  p r e s s u r e  g i v e  c o n d i t i o n s  s i m i l a r  t o  t h o s e  n e a r  
t h e  upper  end  of t h i s  f l i g h t  r a n g e .  I t  was the  purpose of these measure- 
ments  to  determine how c l o s e  t o  t h e o r y  t h e  an tennas  ope ra t e  in  a s i n g l e  
r eg ime  pe r t inen t  t o  the RAM f l i g h t s .  
A .  Descr ip t ion  of  Antennas and Shock-Tube  Mounting ~ _ _  ". . . ~ ~~ 
The SRI arc-driven  12-inch  shock  tube i s  described i n  R e f .  3. For 
the measurements reported here,  i t  was d e s i r a b l e  t o  mount the antennas 
i n  t h e  tube such  t h a t  t he  r e f l ec t ive  me ta l  shock- tube  wa l l  was n o t  d i -  
r ec t ly  oppos i te   the   an tennas .   For  this r eason ,  an a u x i l i a r y  f i b e r g l a s s  
t u b e  1 0 - i n c h e s  i n  d i a m e t e r  ( i n s i d e )  was designed and f a b r i c a t e d  to  essen-  
t i a l l y  e x t e n d  the tube  test s e c t i o n  i n t o  t h e  exis t ing 36-inch-diameter  
dump t ank .   Th i s   aux i l i a ry   t ube  i s  shown i n  F i g u r e  1, showing  two antennas 
mounted  on a curved ground plane and a t t a c h e d  a t  t h e  downstream  end  of 
the f i b e r g l a s s  t u b e .  The sharp  leading  edge  of the f i b e r g l a s s  t u b e  was 
located upstream of  the dump t a n k ,  s u c h  t h a t  the tube  se rved  a s  a channel 
f o r  most  of the test s l u g  t o  f l o w  unexpanded i n t o  the dump-tank a r e a  where 
the  an tennas  were loca ted .  F igu re  2 shows the  sharp  leading  edge  of  the 
'"---,_Teflon coa t ing  on the  curved  ground p lane ,  fash ioned  to  a l low the  test 
1 




FIGURE 2 RAM C ANTENNAS  MOUNTED ON GROUND  PLANE 
l a y e r  and t h e  fiberglass. F igu re  3 shows the s i d e  of the ground  plane 
over which the test plasma passed. The tes t  plasma over the  ground 
p lane  was about six inches  deep  and ten  inches  wide .  Also shown is  the  
window that  was c u t  i n  the f i b e r g l a s s  to r e d u c e  t h e  r e f l e c t i o n  c o e f f i c i e n t  
wi thout  p lasma to  a minimum l e v e l .  T h i s  window was  covered by t h i n  Mylar 
o n  t h e  i n s i d e  s u r f a c e  to  p r e s e r v e  t h e  s u r f a c e  c o n t i n u i t y .  Microwave 
absorber  was p laced  be tween the  f iberg lass  and the  dump t a n k  t o  i s o l a t e  
the meta l  t ank  wal l s  f rom the antennas.  Before the antennas were mounted 
on i t ,  the f i b e r g l a s s  t u b e  was i n s e r t e d  i n  the shock  tube  for  some 
0.1- torr  test  shots. A rake of  wire probes  across  the downstream  end 
of the tube showed t h a t  the  f i b e r g l a s s  d i d  not  measurably  a f fec t  the 
e l e c t r o n  d e n s i t y  i n  t h e  test  s l u g  a t  this p res su re .  
F igure  3 a l s o  shows the a r r a y  of s ix  10-mil-diameter  wire probes 
used t o  map the t e s t - p l a s m a  e l e c t r o n  d e n s i t y  f o r  the  low-pressure shots .  
For  the  h igh-pressure  shots ,  two wedge probes were p l a c e d  j u s t  downstream 
of the a p e r t u r e s  a t  d i s t a n c e s  o f  1 / 8 - i n c h  and 7/8-inch off the Teflon 
layer .   Both t y p e s  of  probes were d e s c r i b e d  i n  R e f .  3. 
On the b a s i s  of measurements  repor ted  ear l ie r ,4  es t imates  can  be 
made of the electron-densi ty   boundary-layer   thickness .   In  terms of the  
d i s t a n c e  6 from the  Te f lon  su r face  ou t  t o  the ha l f -peak-dens i ty  poin t ,  
the r e s u l t s  a r e :  f o r  t he  S-band an tennas ,  6 = 2 nun a t  0 .1  t o r r  and 
0.7 nun a t  1 t o r r ;  f u r t h e r  d o w n s t r e a m ,  for the X-band an tenna ,  6 = 2.5 nun 
a t  0 . 1  torr and 0.9 mm a t  1 t o r r .  
F igu re  2 shows the two RAM C an tennas  des igned  fo r  u se  a s  r e f l ec -  
tometers on RAM f l i g h t  tests. The  main purpose of these antennas was t o  
i n d i c a t e ,  by a p r e c i p i t o u s  c h a n g e  i n  r e f l e c t i o n  c o e f f i c i e n t ,  the time a t  
which the plasma density went through a smal l  range  of  e lec t ron  dens i ty  
nea r  t he  c r i t i c a l  value.  The antenna  on the  lef t  i n  F i g u r e  2 i s  the 
S-band o n e ,  r a d i a t i n g  a t  3348 M H z ,  and  on the r i g h t  i s  the X-band one ,  
6 
T A  7 7 2 9 - 2 8  
FIGURE 3 VIEW OF  TEST FACILITY  INCLUDING ELECTROSTATIC PROBE ARRAY 
AND WINDOW IN FIBERGLASS (antenna  perture covered by Teflon  layer) 
7 
a t  a frequency of 10.044 GHz. Both have tuning screws f o r  p r o v i d i n g  a 
free-space match. The metal conduct ing  wal l s  of both  an tennas  were ex- 
tended through the Tef lon  coa t ing  to  achieve the  greatest p o s s i b l e  
proximity to  the plasma. 
Measurements were a lso  conducted  of the  admi t tance  of  the  S-band 
d i a g n o s t i c  RAM C-C an tenna .  Th i s  an tenna ,  a l so  c i r cu la r ,  was designed 
t o  p r o v i d e  a c a l c u l a b l e  s c a t t e r i n g  matrix so t h a t  the plasma condi t ions 
over  the  aper ture  could  be r e l a t e d  to  the measured terminal admittance 
over  a wide range of e l e c t r o n  d e n s i t y .  
Block diagrams of  the microwave circui t ry  used to  measure the 
rapidly changing admit tance of the an tennas  a re  shown i n  F i g u r e  4 (S-band) 
and Figure  5 (X-band). The main f e a t u r e  o f  the S-band sys t em i s  the  
s l o t t e d  l i n e  w i t h  three microwave probes used t o  d e t e c t  t h e  l o c a l  electric- 
f i e l d  s t a n d i n g  wave. If t h e  i n c i d e n t  power i s  determined by other   means,  
only two probes are needed to  de t e rmine  admi t t ance ,  bu t  a t h i r d  p r o b e  a t  
a s t i l l  d i f f e r e n t  e l e c t r i c a l  l o c a t i o n  i n  the l ine  improves  t h e  p r e c i s i o n  
of the measurement,  (During  early  measurements, the  S-band system  con- 
s i s t e d  of two probes and a r e f l e c t e d  d i r e c t i o n a l  c o u p l e r ,  b u t  the  three- 
probe method  was found to  be more accu ra t e  when coaxial  equipment  i s  u s e d . )  
The t u n e r s  were needed t o  c a n c e l  o u t  the susceptance introduced by t h e  
c o u p l i n g s  i n  the  somewhat complicated t ransmission l ines  between the micro- 
wave i n s t r u m e n t a t i o n  e x t e r n a l  t o  t h e  dump tank and the an tenna  te rmina ls  
i n  the approximate  center  of the  tank.  The X-band sys t em a l so  inc luded  
a d i r e c t i o n a l  c o u p l e r  t o  m o n i t o r  the i n c i d e n t  l e v e l ,  s i m i l a r  t o  t h a t  
shown f o r  the S-band sys tem.  
I t  had been  found ear l ie r3  tha t  i n  t he  low-pressure shots  t h e  u s e  
of a l i q u i d - n i t r o g e n  t r a p  i n  the  shock  tube  to  remove the water vapor 
from the test a i r  s e r v e d  t o  i n c r e a s e  the length  of  the nominally uniform 
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OF S-BAND  EQUIPMENT FOR ADMITTANCE  MEASUREMENTS 







DIAGRAM  OF  X-BAND  EQUIPMENT FOR ADMITTANCE  MEASUREMENTS 
was u s e d  i n  t h e s e  tests e s p e c i a l l y  s i n c e  t h e  larger ape r tu re  sizes 
(43 inches)  presented  a more s t r ingen t  r equ i r emen t  fo r  t e s t -p l a sma  l eng th  
t h a n  i n  t h e  p r e v i o u s  work.3 I t  was i n i t i a l l y  p l a n n e d  t h a t  o n l y  0 . 1 - t o r r  
measurements would be made, but some 1.0-torr s h o t s  were f i r e d  toward the 
end  of t h e  program. 
I t  was found  ea r ly  in  the  admit tance tests t h a t ,  a l t h o u g h  l i q u i d  
n i t rogen  was be ing  used  fo r  a water -vapor  t rap  to  improve  the  qua l i ty  
and dura t ion  of  the  test  p e r i o d ,  t h e r e  was a high incidence of  poor-  
q u a l i t y  tes t  plasmas as  evidenced by ve ry  sho r t  test times on some of 
the probes.  Many test s h o t s  were r u n  t o  i s o l a t e  the  source of t h e  
t r o u b l e ,  and i t  t u r n e d  o u t  t h a t  a l m o s t  a l l  t h e  s h o t s  when t h e  microwave 
absorber  was n o t  i n  the  tube  gave  very good tes t  s l u g s .  A s  a r e s u l t ,  
the  absorber  was p l a c e d  i n  a Mylar vacuum enc losu re  of i t s  own t o  i s o l a t e  
i t  from the test a i r .  The s u b s e q u e n t   r e s u l t s  were cons is ten t ly   good.  I t  
i s  assumed tha t  ou tgassed  impur i t i e s  f rom the  abso rbe r  i n  the  test a i r  
caused the problem, but  i t  i s  not  understood how. The absorber  used 
was Eccosorb AN-75. 
B. Resu l t s  of  Measurements  on RAM C Antennas 
1. Pre l iminary  Tests and C a l i b r a t i o n s  
The RAM C S-band a n t e n n a  i n s t a l l e d  on t h e  segment of c y l i n d r i c a l  
ground plane was found t o  have a VSWR of 1.12 when r a d i a t i n g  i n t o  f r e e  
space ,  wh i l e  t he  X-band VSWR was 1.06. But when the ground plane was 
mounted  on the f i b e r g l a s s  a u x i l i a r y  t u b e ,  t h e  S-band VSWR was found t o  
b e  g r e a t e r  t h a n  1.3. So lu t ions  were s o u g h t  u n t i l  t h e  window shown i n  
F igure  3 was c u t  o u t ,  g i v i n g  a VSMrR no g rea t e r  t han  1.1 for  both  an tennas .  
Th i s  was maintained when the  appa ra tus  was i n s t a l l e d  i n  t h e  s h o c k  t u b e ,  
provided microwave absorber  was used between the f i b e r g l a s s  and the  meta l  
dump-tank wal l .  
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In each case,  measurements were made of t h e  p h a s e  s h i f t  between t h e  
aper ture  (covered  wi th  a s h o r t  c i r c u i t  made w i t h  m e t a l  f o i l )  and shor ted  
t e rmina l s  of the  an tenna  so t h a t  t h e  measured terminal admittance could 
be t ransformed to  aper ture  admi t tance  i f  i t  was  assumed t h a t  o n l y  a phase 
r o t a t i o n  was  needed t o  d o  so. For  the  S-band an tenna ,  the n u l l s  w i t h  t h e  
a p e r t u r e  s h o r t e d  were located 0.121 guide wavelengths  t o w a r d  t h e  l o a d  
f r o m   t h e   n u l l s   w i t h   t h e   t e r m i n a l s   s h o r t e d .   I n   t h e  X-band sys tem,   the  
n u l l s  w i t h  t h e  a p e r t u r e  s h o r t e d  were loca ted  0.107 guide wavelengths to- 
ward t h e  g e n e r a t o r  from t h e  n u l l s  w i t h  t h e  t e r m i n a l s  s h o r t e d .  
The losses i n  t h e  t r a n s m i s s i o n  l i n e s  between the  slotted l i n e  and 
the  an tenna  te rmina ls  were measured  and  taken i n t o  a c c o u n t  i n  b o t h  c a s e s .  
The use  of RG-S/U c o a x i a l  c a b l e  k e p t  the S-band  one-way l o s s  t o  1.1 dB. 
The use of the 10-dB d i r e c t i o n a l  c o u p l e r  i n  t h e  X-band c i r c u i t  between 
t h e  s l o t t e d  l i n e  and the  an tenna  cont r ibu ted  t o  the  t o t a l  e f f e c t i v e  X-band 
l i n e  l o s s  of 1.3 dB (one-way). 
The X-band d e t e c t o r  m o n i t o r i n g  r e f l e c t e d  s i g n a l  was c a l i b r a t e d  by 
p u t t i n g  a s h o r t  a t  t h e  a n t e n n a  t e r m i n a l s  and s e t t i n g  the  a t t e n u a t o r  a t  
v a r i o u s  a p p r o p r i a t e  l e v e l s .  The d e t e c t o r  l e v e l s  were recorded on photo- 
g raphs ,  u s ing  the  same Polaroid  camera  for  a g i v e n  d e t e c t o r  t h a t  was 
subsequent ly  used  to  record  the  shot  da ta  f rom th is  de tec tor .  
The s l o t t e d - l i n e  d e t e c t o r s  were c a l i b r a t e d  u s i n g  a matched load t o  
achieve a f l a t  l i n e .  When t h e  l o a d  a d m i t t a n c e  v a r i e s  a r b i t r a r i l y  o v e r  
the complete  range from 0 t o  *, i t  is  p o s s i b l e  t h a t  the vo l t age  detected 
by a p r o b e  i n  a s l o t t e d  l i n e ,  var ies   f rom 0 to  2 V where V i s  t h e  
v o l t a g e   c o r r e s p o n d i n g   t o   t h e   i n c i d e n t  wave a lone .  However, wi th  some 
l i n e  losses and plasma densi ty  varying over  a f i n i t e  r a n g e ,  i t  was known 
from e a r l i e r  e x p e r i e n c e  t h a t  t h e  v o l t a g e  e x c u r s i o n s  c o u l d  be expected t o  
be a lmost   a lways   in   the   range  of 0 . 4  V t o  1.6 V . A f t e r  s e t t i n g  t h e  i n -  
c i d e n t  power a t  a known l e v e l ,  t h e  c a l i b r a t i o n  l e v e l s  were recorded 
vP i' i 
i i 
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p h o t o g r a p h i c a l l y ,  v a r y i n g  t h e  a t t e n u a t o r  l e v e l s  b o t h  h i g h e r  and lower 
t h a n  t h e  a t t e n u a t o r  s e t t i n g  t h a t  was  used for t h e  s h o t s .  T h i s  l a t t e r  
s e t t i n g ,  u s u a l l y  4 dB,  corresponded i n  t h e  c a l i b r a t i o n  l e v e l s  t o  V 
Figure  6 ,  showing  an  example of t h e  c a l i b r a t i o n  l e v e l s ,  i l l u s t r a t e s  t h e  
p rec i s ion   ava i l ab le   i n   t hese   measu remen t s .   S ince  V corresponds t o  t h e  
r a d i u s  of a Smi th  cha r t  when the  admi t tance  i s  infer red  f rom the  probe  
l e v e l s ,  a Smi th-char t  rad ius  i s  equ iva len t  t o  approximately a 3-cm s c a l e  
i '  
i 
on the   o sc i l l o scope   f ace .   Th i s   cou ld  be improved, f o r  example, by t h e  
use   o f   s ing le - t r ace   o sc i l l o scopes   r a the r   t han   t he   dua l   ones .  However, a s  
many a s  1 2  channels  were needed ( s i x  i o n  p r o b e s ,  t h r e e  S-band , and t h r e e  
X-band)  on some of t h e  s h o t s  i n  a d d i t i o n  t o  any auxi l iary  measurements  
such  as  shock-speed  monitoring.  Indeed,  in some c a s e s ,  .hl-type mul t ip l e -  
t r a c e  h e a d s  were used t o  minimize the number of oscil loscopes needed. 
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2. 0.1-Torr Measurement R e s u l t s  
F igure  7 shows t h e  p e r t i n e n t  d a t a  c o l l e c t e d  on a 0.1-torr sho t .  For 
t h i s  shot,  t h e  three S-band probes  were p laced  a t  e igh th -wave leng th  in t e r -  
v a l s ,  wi th  t h e  c e n t e r  o n e  ( N o .  2 )  a t  a po in t  cor responding  t o  t h e  ter- 
mina l ' s  pos i t ion .  The t w o  X-band probes were p laced  three-s ix teenths  and 
one-e ighth  wavelength ,  respec t ive ly ,  from t h e  e q u i v a l e n t  t e r m i n a l s  p o s i -  
t i o n .  S i n c e  a l l  traces shown were t r igge red   s imul t aneous ly ,   t he   shock  
a r r i v e d  a t  the S-band a p e r t u r e  f i r s t ,  t h e n  a t  t h e  X-band a p e r t u r e ,  and 
t h e n  a t  t h e  i o n  p r o b e s .  The X-band a p e r t u r e  and  probes were centered  
approximately 85 and 125 m m ,  respect ively,  downstream from t h e  S-band 
c e n t e r l i n e .  I t  i s  s e e n  t h a t  t h e  i o n  p r o b e s  a r e  g e n e r a l l y  c o n s i s t e n t  w i t h  
e a c h  o t h e r  i n  t h i s  s h o t  f o r  a t  l e a s t  t h e  f irst  80 ps f o l l o w i n g  t h e  f r o n t ,  
w i t h   t h e   e x c e p t i o n  of a shor t   burs t   on   ion   p robe  N o .  5. ( Ion   probe  N o .  1, 
shown a t  t h e  t o p  of  Figure 3 ,  was no t  mon i to red  on  th i s  sho t ,  and ion  
probe No. 2 c u r r e n t  i s  n o t  shown i n  F i g u r e  7 . )  Although  the  admittance 
g e n e r a l l y  seemed most s t r o n g l y  r e l a t e d  t o  t h e  e l e c t r o n  d e n s i t y  i n f e r r e d  
from N o .  4 ( t h e  c e n t e r  p r o b e  j u s t  o v e r  s u r f a c e ) ,  t h e  d a t a  was not  used 
u n l e s s  i t  could be s e e n  t h a t  a t  l e a s t  t h r e e  o t h e r  p r o b e s  showed e s s e n t i a l l y  
t h e  same d e n s i t y .  The i n f e r r e d  e l e c t r o n  d e n s i t y  on t h i s  shot ranged from 
3 . 2  X 10 ( j u s t  a f t e r  t h e  f r o n t )  t o  i. '7 X 10l2 (where  the  ion  probe 
t r a c e s  go o f f  s c a l e ) .  
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Since  i t  was  found tha t  bo th  an tennas  r e spond  l a rge ly  on ly  t o  t h e  
p l a sma  ove r  the  cen t r a l  1 .5 - inch  core o f  t he  ape r tu re ,  co r re spond ing  to  
a f l o w  t i m e  of about  10 p s ,  t h e  g r a d i e n t  i n  e l e c t r o n  d e n s i t y  o v e r  t h e  
a p e r t u r e  for t h e  80-ps t e s t  time was no  grea te r  than  approximate ly  20  per -  
c e n t .   T h u s ,   t h i s  and s i m i l a r   s h o t s   w i t h  a slow a x i a l  v a r i a t i o n  i n  elec- 
t r o n  d e n s i t y  y i e l d e d  e s s e n t i a l l y  a continuum  of d a t a  o v e r  t h i s  r a n g e .  
F o r  d a t a  r e d u c t i o n  and p l o t t i n g ,  d i s c r e t e  p o i n t s  were taken a t  approxi- 
mately 1 0 - p ~  i n t e r v a l s .  I t  i s  s e e n   t h a t   t h e   p r e c i p i t o u s  jumps i n  t h e  
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FIGURE 7 EXAMPLE OF 0.1-torr SHOT DATA ON  RAM C ANTENNAS 
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6 5  ps fo l lowing  the f r o n t )  o c c u r s  w h i l e  t h e  e l e c t r o n  d e n s i t y  and t h e  
S-band p r o b e  v o l t a g e s  a r e  c h a n g i n g  r e l a t i v e l y  g r a d u a l l y .  The b i g g e s t  
jump i n  t h e  S-band d a t a  o c c u r s  a t  t h e  a r r i v a l  o f  t h e  s h o c k  f r o n t  b e c a u s e  
t h e  d e n s i t y  j u s t  b e h i n d  t h e  f r o n t  i s  o v e r  c r i t i c a l  fo r  th i s  f r equency .  
Note t h a t  t h e  S-band probes respond to  t h e  f r o n t  i n  a "rise time" of 
about  10 ps. I t  appears  from t h e  microwave d a t a  on t h i s  s h o t  t h a t  t h e  
e l e c t r o n  d e n s i t y  k e p t  i n c r e a s i n g  fo r  a t o t a l  of about 175 ps s t a r t i n g  
a t  t h e  f r o n t ,  b u t  t h e  i o n  p r o b e  c u r r e n t s  w e n t  o f f - s c a l e  s u c h  t h a t  n e i t h e r  
dens i ty  no r  un i fo rmi ty  of the plasma i s  known a f t e r  a b o u t  80 ps. 
The composite S-band a p e r t u r e  a d m i t t a n c e  d a t a  a r e  shown i n  F i g u r e  8. 
The " t icked" circles a r e  f r o m  t h e  d a t a  on F igu re  7. The da ta  f rom the  
t h r e e  microwave probes were converted t o  r a d i i  of a r c s  p l o t t e d  on t h e  
Smi th  Char t  f rom the  appropr i a t e  e l ec t r i ca l  po in t s  a round  the  pe r ime te r .  
The s i z e  of a g iven  admi t tance  da ta  "poin t"  i s  an  ind ica t ion  of how f a r  
the t h r e e  a r c s  missed i n t e r s e c t i n g  a t  a s i n g l e  p o i n t .  The phase   ro t a t ion  
w i t h  i n c r e a s i n g  e l e c t r o n  d e n s i t y  i s  coun te rc lockwise ,  a s  i nd ica t ed  by 
the approximate-electron-densi ty  indicators  around the per iphery of  the 
c h a r t .  The vol tage- ref lec t ion-coef f ic ien t   va lues   cor responding  to  t h e s e  
d a t a ,  b u t  c o r r e c t e d  f o r  l i n e  l o s s ,  a r e  p l o t t e d  i n  F i g u r e  9 a s  a func t ion  
o f  e l e c t r o n  d e n s i t y .  The data   f rom  Figure 7 a r e  i n d i c a t e d ,  w i t h  a l i n e  
drawn c o n n e c t i n g  t h e  p o i n t s ,  s i n c e  a continuum  of  values i s  a v a i l a b l e  
f rom  the   shot .   Because   such   shots   a re  so f r u i t f u l ,  o n l y  a few a r e  needed 
to   adequa te ly   i nd ica t e   t he   admi t t ance   a s  a func t ion   of  t i m e .  The d a t a  
from o t h e r ,  s i m i l a r  s h o t s  a r e  a l s o  r e p r e s e n t e d  i n  F i g u r e  9 by l i n e s  i n t e r -  
c o n n e c t i n g  t h e  p o i n t s .  
F igu re  10 shows t h e  X-band ape r tu re  admi t t ance  da t a ,  w i th  the  po in t s  
f rom  Figure 7 i d e n t i f i e d  by t i c k  marks.  Figure 11 shows the  correspond-  
i n g  v o l t a g e - r e f l e c t i o n - c o e f f i c i e n t  v a l u e s  v e r s u s  e l e c t r o n  d e n s i t y ,  com- 
pa red  wi th  ca l cu la t ions  by  W .  F. Croswell f o r  a somewhat smaller c i rcular  
ape r tu re .  I t  i s  s e e n  t h a t  t h e  measurements f a l l  w i t h i n  a fac tor  of  two 
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FIGURE 8 RAM  C  S-BAND  ADMITTANCE  DATA  REFERENCED  TO  APERTURE 


























FIGURE 10 RAM C X-BAND  APERTURE  ADMITTANCE (line-loss  corrected)-0.1 torr 
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FIGURE  11  RAM  C  X-BAND  REFLECTION  COEFFICIENT AS A  FUNCTION OF ELECTRON 
DENSITY,  MEASURED  AND  THEORY-0.1 torr 
o f  t h e  t h e o r y  up t o  Irl = 0 . 7 ,  and t h a t  t h e  s l o p e  o f  t h e  c u r v e s  from 
s i n g l e  s h o t s  a g r e e s  q u i t e  well w i t h  t h e  t h e o r y .  S i n c e  t h e  maximum s lope  
i s  la rge ly  de te rmined  by c o l l i s i o n  f r e q u e n c y ,  t h e  a g r e e m e n t  i n  s l o p e  is 
a n  i n d i c a t i o n  t h a t  t h e  c o l l i s i o n  f r e q u e n c y  was c l o s e  t o  t h e  v a l u e  c a l c u -  
lated from the shock speed and pressure--2.5 X 10 . 9 
The admit tance data  of Figure 10 were p l o t t e d  i n  F i g u r e  12 a s  a 
func t ion  of n ,  and  compared w i t h  t h e o r e t i c a l  a p e r t u r e  a d m i t t a n c e  c a l c u -  
l a t e d  by Croswell .   (The  e lectron  densi ty   corresponding 
well  above 10 i f   F i g u r e  10 i s  not  known.) I t  i s  seen 
ance values  agree well on ly  up t o  c r i t i c a l ,  a s  d o e s  t h e  
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t o   t h e  two po in t s  
tha t  the  conduct  - 
r e f l e c t   i o n  co- 
e f f i c i e n t   i n   F i g u r e  11. I t  i s  p o s s i b l e   t h a t  above c r i t i c a l  t h e  d i s c r e p -  
ancy in  both conductance and r e f l e c t i o n  c o e f f i c i e n t  i s  due t o  t h e  f a c t  
t h a t  t h e  t h e o r y  a p p l i e s  t o  a n  a n t e n n a  t e r m i n a t i n g  i n  a conducting ground 
p lane ,  whereas  the  RAM C an tennas  t e rmina te  a t  t he  su r face  o f  t he  Te f lon .  
I t  i s  p o s s i b l e  t h a t  a l a rge r  conduc tance  a r i s e s  because  the  ene rgy  can 
be  rad ia ted  through the  Tef lon  of f  to  the  s ide  of  the  ground p lane ,  ra ther  
t han  be ing  conf ined  to  the  na r row l aye r  o f  unde rc r i t i ca l  plasma next t o  
t h e  s u r f a c e .  The suscep tance  da ta  ag ree  qu i t e  we l l  w i th  the  theo ry  ex -  
c e p t  f o r  t r a n s l a t i o n  i n  e l e c t r o n  d e n s i t y  f o r  t h e  v a r i o u s  s h o t  g r o u p i n g s .  
Since the ion-probe determinat ion of e l e c t r o n  d e n s i t y  may be unce r t a in  
by a s  much a s  a f ac to r  o f  two ,  i t  i s  expec ted  tha t  t he  theo ry  fo r  s u s -  
ceptance i s  a p p l i c a b l e  t o  t h i s  a n t e n n a .  
Thus it a p p e a r s  t h a t  t h e  RAM C antennas not only accomplished the 
purpose of  indicat ing by a sha rp  change i n  r e f l e c t i o n  c o e f f i c i e n t  when 
the  e l ec t ron  dens i ty  pas sed  th rough  the  na r row range  nea r  c r i t i ca l ,  b u t  
in  addi t ion  the  phase  informat ion  f rom the  X-band antenna appears  valu-  
a b l e  i n  d e t e r m i n i n g  e i t h e r  e l e c t r o n  d e n s i t y  o r  p r o f i l e  d a t a  (see Sec. 111) 
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FIGURE 12 COMPARISON OF MEASURED  RAM  C X-BAND  APERTURE  ADMITTANCE 
WITH  THEORY-0.1 torr 
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3. 1.0-Torr  Measurement  Results 
F igure  13 shows t h e  p e r t i n e n t  d a t a  c o l l e c t e d  on a 1 .0 - to r r  sho t .  
Only t h e  r e f l e c t i o n  c o e f f i c i e n t  of t h e  X-band antenna was measured f o r  
t he  1 .0 - to r r  sho t s .  The  S-band  microwave probes were loca ted  electric- 
a l l y  a s  f o r  F i g u r e  7. These  da t a  show one  example  of var ious "anomalies"  
t h a t  seemed t o  happen more  on the  1 .0 - to r r  sho t s  t han  on the  low-pressure 
o n e s :  t h e  d i p  i n  X-band r e f l e c t i o n  c o e f f i c i e n t  a t  a b o u t  1 5 0  JIS a f t e r  t h e  
f r o n t  i s  n o t  accompanied by a cor re spond ing  d ip  in  t h e  p r o b e  c u r r e n t ,  
which rises monotonica l ly  in  time d u r i n g  t h e  f i r s t  250 ps of t h e  test. 
F igure  14 shows both S- and X-band r e f l e c t i o n - c o e f f i c i e n t  d a t a  f r o m  
the 1 - t o r r   s h o t s ,  compared w i t h  t h o r e t i c a l   p r e d i c t i o n s  of Croswell .  I t  
i s  n o t e d  t h a t  up t o  [rl X 0.6 ,  the  t h e o r e t i c a l  c u r v e s  a r e  a f a i r   f i t   i f  
t h e y  a r e  t r a n s l a t e d  i n  e l e c t r o n  d e n s i t y  i n  o p p o s i t e  d i r e c t i o n s - - i . e . ,  i f  
the S-band curve i s  moved a f a c t o r  of 1 . 7  h i g h e r  and i f  t h e  X-band curve 
i s  moved a f a c t o r   o f  2 lower   than   pred ic t ions .  Most of t h e  measured 
p o i n t s  f a l l  w i t h i n  a f a c t o r  of two of the t r a n s l a t e d  c u r v e  i n  e a c h  c a s e  
up to Irl 0.6. 
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FIGURE 14 RAM  C  REFLECTION  COEFFICIENT  DATA AS A  FUNCTION  OF  ELECTRON DENSITY, 




I t  i s  suspec ted  tha t  the  problem of  larger s c a t t e r  i n  t h e  1 . 0 - t o r r  
da t a  than  in  the  low-pres su re  sho t s  was caused  to  some e x t e n t  by less 
homogeneous p l a s m a s  ( t r a n s v e r s e  t o  t h e  f l o w  d i r e c t i o n ) .  S i n c e  t h e  
f i b e r g l a s s  t u b e  was requi red  t o  b e  q u a l i f i e d  by pre l iminary  tests only 
f o r  t h e  less s t r ingent  low-pressure  shots ,  where  the  mean free p a t h  is 
g r e a t e r  t h a n  t h e  s c a l e  o f  r o u g h n e s s  o f  t h e  s u r f a c e s ,  t h i s  t u b e  may have 
con t r ibu ted  much of the problem by g i v i n g  rise t o  secondary wave s t r u c -  
t u re  in  the  p l a sma .  Th i s  exp lana t ion  he lps  in  unde r s t and ing  on ly  the  
s c a t t e r  i n  t h e  d a t a ,  b u t  h a s  n o  b e a r i n g  on why the  response  of t h e  t w o  
an tennas  in  terms of  e l ec t ron  dens i ty  i s  n o t  a s  f a r  a p a r t  ( e s s e n t i a l l y  
one order of magnitude) as in  the  case  o f  bo th  the  0.1-torr measurements 
and theory .  
C.  RAM C-C Resu l t s  
The RAM C-C (S-band) antenna had a VSWR of 1.60 i n  bench measure- 
ments and 1.68 when i n s t a l l e d  i n  the  shock tube,  compared w i t h  the 
t h e o r e t i c a l  p r e d i c t i o n  of  2.0.   Since  no  conducting  walls of t h i s  antenna 
extend through t h e  0.32-inch-thick Teflon ground-plane cover,  i t  was ex- 
p e c t e d  t h a t  s i g n i f i c a n t  r a d i a t i o n  may occur  off  the  edge  of the  ground 
plane under  any c o n d i t i o n s ,  and e s p e c i a l l y  when the plasma is  overdense.  
A m e t a l  f o i l  r e f l e c t o r  w i t h  the  same l a t e r a l  e x t e n t  a s  the  plasma was 
used t o   s i m u l a t e  the l imi t ing   ca se   o f  n a. This   gave Irl = 0.84. Since 
the f l i g h t  c o n f i g u r a t i o n  i s  completely enveloped by plasma, this i n d i c a t e s  
t h a t  the exper iments  in  the shock tube w i t h  the l imi t ed  ground plane would 
f a i l  t o  d u p l i c a t e  the f l i g h t  c o n f i g u r a t i o n  by t h i s  e x t e n t  i n  terms of 
v o l t a g e - r e f l e c t i o n  c o e f f i c i e n t .  A s  w i l l  be   seen  below,   the maximum value  
of I r I measured w i t h  plasma was 0 . 7 8 ,  cor re spond ing  to  the  maximum va lue  
of n ,  which was 10 . 13 
Figure  15 shows the  measured va lues  of aper ture  admi t tance  for  
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of   magni tude   above .   These   va lues   a re   no t   cor rec ted   for   l ine   loss .  
Figure  16 shows the  co r re spond ing  r e f l ec t ion -coe f f i c i en t  va lues ,  excep t  
t h a t  t h e y  a r e  c o r r e c t e d  f o r  l i n e  loss .  A l s o  shown a r e  a d d i t i o n a l  d a t a  
from  two o t h e r  p r e s s u r e  c o n d i t i o n s .  I t  i s  s e e n  t h a t  t h e  1 . 0 - t o r r  d a t a  
show cons iderably  more s c a t t e r  t h a n  t h e  0 . 1 - t o r r  d a t a ,  j u s t  a s  f o r  t h e  
R A M  C d a t a .  A l s o  shown in  F igu re  16  are p r e d i c t i o n s  f o r  t h i s  a n t e n n a  
by Croswell and Swift reduced by 1 6  p e r c e n t  t o  form an approximate 
t h e o r y  a p p r o p r i a t e  t o  t h e  e x p e r i m e n t a l  c o n f i g u r a t i o n ,  where t h e  maximum 
poss ib l e  Irl i s  0 .84 .  Even wi th   th i s   reduct ion ,   the   agreement  i s  not 
ve ry  good ,  a l though  the  loca t ion  o f  t he  maximum s lopes  of  the  curves  i s  
a t  e s s e n t i a l l y  t h e  same e l e c t r o n  d e n s i t y .  
* 
In  the  r ange  (u) /W)2z 1, the magnitude of t h e  r e f l e c t i o n  c o e f f i c i e n t  
P 
i s  la rge ly  de te rmined  by the aperture  conductance,  which i s  s e n s i t i v e  t o  
t h e  l i m i t e d  l a t e r a l  e x t e n t  of t h e  plasma.  This  antenna was a l so   des igned  
fo r  de t e rmin ing  e l ec t ron  dens i ty  above  c r i t i ca l  ma in ly  by  the dependence 
of t he  suscep tance  on n i n  t h i s  r e g i o n .  F i g u r e  17 shows t h e  measured 
susceptance   p lo t ted   aga ins t   n .   F igure  17 a p p e a r s   t o   c o n f i r m   t h a t   t h e  
susceptance i s  an accurate measure of e l e c t r o n  d e n s i t y  i n  the two-order- 
of-magnitude  range  above c r i t i c a l .  I t  i s  seen   in   F igures  16 and 17 t h a t  
s e v e r a l  p o i n t s ,  a c t u a l l y  r e p r e s e n t i n g  a continuum of data,  were de r ivab le  
from  each of fou r   sho t s .   Fo r   each   sho t ,   t he   s lope   o f   t he   l i nes   i n t e r -  
connec t ing  the  po in t s  i s  v i r t u a l l y  i d e n t i c a l  w i t h  t h e  t h e o r e t i c a l  c u r v e .  
-IC 
The phase  re la t ionship  be tween the  te rmina l  admi t tance  and ape r tu re  
admittance was 0.19 guide  wavelengths  for  th i s  an tenna .  
27 
1 .o 1 I I I I I I I  I I I 1 I ( I l l  I I I I I I I I  
0.9 - Max lrl for  this  configuration - Y""" 
0.8 - ...................... - 
0.7 - - 
0.6 - - 
0.5 - - 
I n  
0.4 - 
rJ-u 
- -. 0. -  Theory for = 0.1 
- +--.O:-L -" w 
0.3 -.. ....... lreduced 16% in 1r11 - 
0 1.0-torr DATA 
0 0.1-torr DATA 
A 0.03-torr DATA 
0.2 - - 
0.1 - "c - 
0 I I I I I l l l l  I I I I I l l l l  I I I I I I I l l  1 
10'0 1011  1012 1013 
n - 
TA-7729-12R 
FIGURE 16 REFLECTION  COEFFICIENT  OF  RAM C-C ANTENNA AS A  FUNCTION OF ELECTRON  DENSITY, 
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I11 DISCUSSION  OF ADMITTANCE MEASUREMENTS  FOR PLASMA DIAGNOSTICS 
I t  is f e l t  t h a t  t h e  e x p e r i m e n t a l  d a t a  o f  S e c .  I1 i n d i c a t e  a con- 
f i r m a t i o n  o f  t h e  methods  of  Croswell e t  a l .  f o r  c a l c u l a t i n g  a p e r t u r e  
admi t tances  in  the  presence  of  p lasma.  I t  w a s  demonstrated how sens i -  
t i v e  t h e  c o n d u c t a n c e  is to  the  conf igu ra t ion  used  in  the  measu remen t s ,  
s i n c e  e x p e r i m e n t a l  v a r i a t i o n  from t h e  t h e o r e t i c a l  model r e s u l t s  i n  s i g -  
n i f i c a n t   d i s c r e p a n c y   i n   t h e  measured  conductance. However, t h i s   a p p e a r s  
n o t  t o  b e  t h e  case in susceptance measurements.  
6 
Although some exper imenta l  da ta  are a v a i l a b l e ,  a more complete set 
i s  a v a i l a b l e  from theore t i ca l   ca l cu la t ions .   These   ca l cu la t ions   can   be  
u s e d  t o  a n a l y z e  t h e  d i a g n o s t i c s  p o s s i b i l i t i e s  i n  a p e r t u r e - a n t e n n a  ad- 
mittance  measurements.  The  most obvious  use of antenna  admit tance  for  
d i a g n o s t i c s  i s  t h e  use o f  t he  l a rge  changes  tha t  u sua l ly  occur  nea r  t he  
c r i t i c a l  d e n s i t y - - e .  g .  , t h e  s h a r p  i n c r e a s e  i n  I rl shown in  F igu re  9 .  
However, t h i s  g i v e s  a l imi t ed  range of i n f e r r e d  n ,  and i t  is of  i n t e r e s t  
t o  d e t e r m i n e  i f  a larger range can be learned from admittance measure- 
ments .   Since  the  admit tance i s  r e l a t i v e l y  i n s e n s i t i v e  t o  n much below 
c r i t i c a l ,   t h i s   e x t e n d e d   r a n g e   h a s   t o   b e   s o u g h t   a b o v e   c r i t i c a l .  And, 
indeed, it a p p e a r s  t h a t  t h e  f i r s t  two or th ree  orders  of  magni tude  in  n 
above cr i t ical  can be determined from careful  measurements  of  suscep-  
t a n c e ,  as ind ica t ed  by Figure  17. 
However, t he  po in t  shou ld  be  made t h a t  a u x i l i a r y  i n f o r m a t i o n  i s  
actual ly  needed t o  use  measured  admi t tance  for  in fer r ing  e lec t ron  dens i ty  
dur ing   reent ry .   There  are only two p ieces  of i n f o r m a t i o n  i n  t h e  complex 
admi t tance  measurement ,  ye t  one  needs  to  de te rmine  not  on ly  the  co l l i s ion  
f r equency  and  peak  e l ec t ron  dens i ty ,  bu t  a l so  the  p ro f i l e  i n  n .  Jus t  
31 
what aux i l i a ry  in fo rma t ion  is  used depends upon var ious  conf idence  
l e v e l s .  For i n s t a n c e ,  i f  t h e  p r o f i l e  i s  be ing   measured   dur ing   f l igh t  
by  Langmuir probes,  as was t h e  c a s e  i n  R A M  C-1 and R A M  C-2, t h e n  t h i s  
would probably  be used i n  p r e f e r e n c e  t o  t h e o r e t i c a l  p r e d i c t i o n s .  Then 
g  and  b could be used to  de t e rmine  co l l i s ion  f r equency  and t h e  a b s o l u t e  
l e v e l  of t h e  probe-measured p r o f i l e  i n  n .  
An example  of the  impor tance  of  the  prof i le  de te rmina t ion  can  be  
made by  an analysis  of  the dependence of  phase of t h e  r e f l e c t i o n  c o e f -  
f i c i en t  (wh ich  i s  e s sen t i a l ly  de t e rmined  by b i n  t h e  o v e r c r i t i c a l  r e g i o n )  
upon t h e  s c a l e  o f  t h e  p r o f i l e  and  upon  peak n ,  a s  de t e rmined  from theo- 
r e t i c a l   c a l c u l a t i o n s .   F i g u r e  18 shows  two  parameters, 6 and n each 
of  which  can  be va r i ed  when t h e  o t h e r  i s  kept  cons tan t ,  us ing  a p a r a b o l i c  
Pk  Pk ' 
boundary   l ayer   p rof i le   in   n .   F igure   19  shows t h a t  t h e  p h a s e  w i l l  vary 
a l n o s t   h e  same way  when n i s  v a r i e d   a s  when 6 i s  var ied,   provided d , 
t h e  d i s t a n c e  o u t  t o  t h e  c r i t i c a l  d e n s i t y  c o n t o u r ,  i s  t h e  c o n t r o l l i n g  param- 
e t e r  i n  e a c h  c a s e .  I t  a l s o  shows t h e r e  i s  l i t t l e  d i f f e r e n c e  i n  p h a s e  be- 
tween a plane wave and c i r c u l a r  or r ec t angu la r   ape r tu re s .   F igu re  18 g ives  
an   ind ica t ion   of  why d i s  the  approximate  control l ing  parameter .  Showing 
a t t e n u a t i o n   a s  a f u n c t i o n  of d i s t a n c e   f o r   t h e   c a s e  when n = 3 n , it 
i n d i c a t e s  t h a t  t h e  f i e l d s  p e n e t r a t e  v e r y  l i t t l e  beyond t h i s  p o i n t .  
Pk Pk C 
C 
Pk C 
Figure 19 shows t h a t  a nar rowing  prof i le  cannot  be  d is t inguished  
by a phase  measurement  from  an  increasing n S ince   t hese  two  changes 
a r e  known t o  o c c u r  s i m u l t a n e o u s l y  d u r i n g  r e e n t r y  ( p r i o r  t o  s i g n i f i c a n t  
slowdown), it i s  c l e a r  t h a t  a u x i l i a r y  i n f o r m a t i o n  i s  needed i n  some form 
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FIGURE 18 INVERTED  PARABOLIC  PROFILE OF ELECTRON  DENSITY  AND 
CORRESPONDING  SPECIFIC  ATTENUATION (one way) FOR CASE 
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FIGURE 19 COMPARISON OF THEORETICAL  REFLECTED PHASE VARIATION 
WITH d, FOR DIFFERENT SCHEMES OF  VARYING d, AND 
DIFFERENT  APERTURES ( f  = 1O1O Hz, u / o  = 0.4) 
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I V  MEASUREMENT  OF EFFECTS OF I N J E C T I N G  SF ON IONIZATION 
6 
A. Background 
The r e d u c t i o n  o f  e l e c t r o n  d e n s i t y  i n  t h e  f l o w - f i e l d  o f  r e e n t r y  ve- 
h i c l e s  would be helpful  in  improving communicat ions,  reducing radar  cross  
s e c t i o n ,  a n d  r a i s i n g  t h e  t h r e s h o l d s  f o r  v o l t a g e  breakdown of antennas. 
One means fo r  accompl i sh ing  th i s  r educ t ion  is  by a d d i t i o n  o f  e l e c t r o p h i l i c  
chemica l s   t o   t he   f l owing   gases .   Unfo r tuna te ly ,  some of   the  most e f f ec -  
t i ve   chemica l s  a t  room temperatures ,   such  as  SF d i s s o c i a t e   r a p i d l y   a t  
temperatures where the problems of blackout  and antenna breakdown a r e  
worst  ( i . e . ,  above 3000'K). Thus, it was d e c i d e d   t o  add the  chemical  
l oca l ly  ju s t  ups t r eam o f  an  an tenna  to  t ake  advan tage ,  i f  poss ib l e ,  o f  
the  per iod  before  the  chemica l  ge ts  thoroughly  hea ted  by t h e  h o t  a i r .  
Ea r l i e r  measu remen t s  a t  SRI us ing  SF pre-mixed  wi th  the  a i r  in  the  shock  
6 
tube  showed l i t t l e  d i f f e r e n c e  from t h e  same measurements i n  a i r ,  w i t h  
r ega rd  to  bo th  the rma l  and RF i o n i z a t i o n .  
6' 
B. Mechanisms for  Al-leviation 
The condi t ion under  which chemical  a l leviat ion of  high plasma densi ty  
is most ea s i ly  ach ieved  is when t h e  e l e c t r o n  d e n s i t y  f o r  some reason i s  
h i g h e r  t h a n  t h e  l o c a l l y  e x i s t i n g  s o u r c e ( s )  o f  i o n i z a t i o n  would warran t .  
A common example  o f  t h i s  i s  in  an  expans ion  reg ion  of  f lowing  ionized  
gas ,  where cool ing  occurs  but  e lec t ron- ion  recombina t ion  is n o t  f a s t  
enough t o  r e d u c e  t h e  e l e c t r o n  d e n s i t y  t o  t h e  v a l u e  t h a t  would e x i s t  i f  
t h e  l o c a l  t h e r m a l  i o n i z a t i o n  ra te  were in  equ i l ib r ium wi th  the  lo s ses .  
A s i m i l a r  s i t u a t i o n  e x i s t s  when a sample of gas,  having been ionized by 
e x p o s u r e  t o  s t r o n g  R F  e lectr ic  f i e l d s  as it f lows over  an antenna aperture ,  
35 
is  swep t   beyond   t he   r eg ion   o f   h igh   f i e ld   s t r eng th .   In   e i t he r  case, t h e  
a t t achmen t  o f  t he  e l ec t roph i l i c  molecu le s  can  be  ve ry  e f f ec t ive  s ince  
t h e  ra te  of product ion of new e l e c t r o n s  may b e  q u i t e  low o r  n o n e x i s t e n t .  
However, i n  most cases where  p lasma a l lev ia t ion  is  r e q u i r e d ,  t h e  i n j e c -  
t a n t  must work in  an  equ i l ib r ium o r  nea r -equ i l ib r ium s i tua t ion  where  
t h e  i o n i z a t i o n  s o u r c e  i s  s t rong .  
There is  an  impor t an t  d i f f e rence  be tween  the rma l  ion iza t ion  r a t e s  
and  RF-induced i o n i z a t i o n   r a t e s .   S i n c e   t h e r m a l   i o n i z a t i o n   i n   a i r  i s  a 
r e s u l t  o f  n e u t r a l - n e u t r a l  c o l l i s i o n s ,  it is independent  of  the electron 
dens i ty .  RF-induced i o n i z a t i o n   r e s u l t s  from electron  impact  on n e u t r a l s ;  
h e n c e  t h e  r a t e  i s  p r o p o r t i o n a l  t o  t h e  e l e c t r o n  d e n s i t y  i t s e l f ,  c a u s i n g  
t h e  c a s c a d i n g  e f f e c t  c a l l e d  "breakdown. I' 
The mechanisms for p lasma  a l l ev ia t ion  by chemicals can be  v i s u a l i z e d  
i n  t h e  framework of t he  e l ec t ron  con t inu i ty  equa t ion ,  wh ich  is cons t ruc ted  
by equa t ing   t he   e l ec t ron   p roduc t ion   r a t e s   w i th   e l ec t ron   l o s s  ra tes .  Con- 
s i d e r  f i r s t  t h e  s t e a d y - s t a t e  s i t u a t i o n  w i t h  o n l y  t h e r m a l  i o n i z a t i o n  a t  
a r a t e  S ( e l e c t r o n s  p e r  c m  per   second)   countered by recombination  and 
at tachment .   This   gives  
3 
2 
S = a n  + v n  
a 
where CY is  the  r ecombina t ion  coe f f i c i en t  ( c m  / s )  and V i s  the  a t tachment  
r a t e  ( i o n i z a t i o n s / s ) .  The e q u i l i b r i u m   d e n s i t y   f o r   t h i s   s i t u a t i o n   ( a s s u m -  
ing  condi t ions  uni form enough to  ignore  d i f fus ion  losses)  is der ived  by 









1. Thermal  Plasma  Alleviation 
Al l ev ia t ion  of the rma l  ion iza t ion  i s  gene ra l ly  ach ieved  in  t w o  ways. 
One is  d i r ec t ly  th rough  a t t achmen t  in  equ i l ib r ium cond i t ions ,  a s  r ep re -  
sented by Eq. (2 ) .  F igu re  20 shows equi l ibr ium n a s  a funct ion  of  
a t t a c h m e n t  r a t e  f o r  f o u r  d i f f e r e n t  v a l u e s  of S and f o r  t h e  v a l u e  of Cy 
i n fe r r ed  f rom the  rise-time measurements  reported  in  Ref.  3. Two va lues  
of S correspond , f o r  v % 0 , t o  n = 10 ( a s  would be  approximately 
t h e  c a s e  f o r  a shock  speed, u of 3.25 mm/ps i n  a i r  a t  1 t o r r ) ,  and  two 
cor respond  to  n = 10l2 ( a s  f o r  u = 4.0  mm/ps) , f o r  v = 0. Two 
va lues  of S (1.3 X 10 and 7 X 10 ) were generated by inc luding  a 
s m a l l  d i f f u s i o n  l o s s  r a t e  i n  a d d i t i o n  t o  r e c o m b i n a t i o n  i n  the  reg ion  
11 
a equi  1. 
S '  
equi  1. 17 13 S a 
4 
where v < 10 . I t  is seen 
are r e q u i r e d  t o  r e d u c e  n t o  
t h e  e l e c t r o p h i l i c  m o l e c u l e s  
a i n  F i g u r e  20 how g rea t e r  a t t achmen t  r a t e s  
10 a t  gas   temperatures  of 3920'K. Since 
undergo  thermal  decomposi t ion  fas te r  a t  
10  
h ighe r  t empera tu res  ( and  the  daugh te r  p roduc t s  have  lower  a t t achmen t  
ra tes  t h a n  t h e  p a r e n t ) ,  a l l e v i a t i o n  a t  h i g h  t e m p e r a t u r e s  r e q u i r e s  a much 
h ighe r  mole f r a c t i o n  o f  t h e  c h e m i c a l  t o  be a s  e f f e c t i v e  a s  a t  l o w e r  
tempera tures .  Modica c a l c u l a t e d   t h a t  7 bs a f t e r   s h o c k   h e a t i n g   t o  
3820'K ( a t  a pressure  of   5 .42  a tmospheres) ,   the   concentrat ion  of  SF is  
reduced by three orders  of  magni tude,  with most of it already completely 
d i s s o c i a t e d  t o  a t o m i c  f l u o r i n e  and s u l f u r .  
6 
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The second  mechanism fo r  ach iev ing  the rma l  p l a sma  a l l ev ia t ion  i s  
through  cooling  by mass addi t ion.   I f   recombinat ion  fol lowing  the  cool-  
i ng  i s  s l o w ,  e l e c t r o p h i l i c  a c t i o n  would b e  v e r y  e f f e c t i v e  i n  r e d u c i n g  
t h e  d e n s i t y  t o  t h e  e q u i l i b r i u m  v a l u e .  I t  a p p e a r s  f e a s i b l e  t o  u s e  SF 6 
to  a l lev ia te  the  thermal -p lasma problem in  nonequi l ibr ium f low around 
l i f t i n g  v e h i c l e s  f o r  some d is tance  in to  the  a tmosphere ,  perhaps  down t o  
200 k f t  . 
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FIGURE 20 EQUILIBRIUM  ELECTRON  DENSITY AS A  FUNCTION  OF  ATTACHMENT 
RATE  FOR  FOUR  VALUES  OF  THERMAL  IONIZATION  RATE, S 
38 
2 .  RF-1-onization  Mechanisms 
Cons ider  the  product ion  of  e lec t rons  a t  a rate v .n ,  where v is t h e  
1 i 
R F  i o n i z a t i o n  rate, opposed  by  an  attachment rate v n.  The c o n t i n u i t y  
equat ion  is wr i t ten  
a 
f o r  which a s o l u t i o n  i s  
where  n i s  t h e  e l e c t r o n  d e n s i t y  a t  t = 0. ("Breakdown" i s  s a i d  t o  
occur  when n  grows t o  n , t h e   c r i t i c a l   d e n s i t y . )   S i n c e   i n   t h i s   c a s e  
bo th  ion iza t ion  and a t t a c h m e n t  r a t e s  a r e  p r o p o r t i o n a l  t o  n ,  t h e  a t t a c h -  
ment r a t e   s u b t r a c t s   d i r e c t l y  from t h e   i o n i z a t i o n   r a t e .   I f  v is  made 





There  a re  o the r  ways t o  i n c r e a s e  1 o s s e s . o f  e l e c t r o n s  formed by 
RF i o n i z a t i o n .   I f   t h e   t h e r m a l   e l e c t r o n   d e n s i t y ,  n i s  high enough 
t h a t  s p a c e - c h a r g e  e f f e c t s  i n h i b i t  e l e c t r o n  d i f f u s i o n  t o  r e g i o n s  of low 
d e n s i t y ,   t h e  phenomenon is ca l l ed   ambipo la r   d i f fus ion .   I f   d i f fus ion  
l o s s e s  a r e  i n c l u d e d  i n  Eq. (3), with s imple boundary condi t ions appl ied,  
s u c h  a s  p a r a l l e l  p l a t e s ,  t h e n  s o l u t i o n s  a r e  w r i t t e n  w i t h  v diminished 
by sub t r ac t ing  no t  on ly  v b u t  a l s o  D/A , where D i s  c a l l e d  t h e  d i f f u -  
s i o n  c o e f f i c i e n t  and h i s  t h e  c h a r a c t e r i s t i c  d i f f u s i o n  l e n g t h .  The ap- 
p l i c a b l e  d i f f u s i o n  c o e f f i c i e n t  i n  a i r  f o r  a m b i p o l a r  d i f f u s i o n  is reduced 
by  a f a c t o r  of about 100 compared with the no-space-charge-effects  case 






n f l o w i n g  o v e r  a n  a n t e n n a  t o  f r e e - d i f f u s i o n  l e v e l s ,  a l l e v i a t i o n  i s  
achieved t o  some e x t e n t .  B e c a u s e  t h e  d i f f u s i o n  c o e f f i c i e n t  v a r i e s  i n -  
v e r s e l y  as t h e  g a s  d e n s i t y ,  p, d i f f u s i o n  i s  an  important loss mechanism 
a t  r e l a t i v e l y  h i g h  a l t i t u d e s ,  g e n e r a l l y  down t o  where V M W. Around 
b l u n t  v e h i c l e s  r e e n t e r i n g  a t  ICBM speeds ,  n r eaches   ambipo la r   l eve l s  
( t y p i c a l l y  10 or 10 ) well a b o v e   t h e   a l t i t u d e  where V fi: W. Since   t he  
f a c t o r  o f  100 i n  D t r a n s l a t e s  t o  a power- threshold difference of approxi- 
mately 6 dB in  the  h igh-a l t i tude  reg ime,  the  main tenance  of  n a t  f r e e -  
d i f fus ion  l eve l s  ove r  an  an tenna  ape r tu re  o f f e r s  a s i g n i f i c a n t  p o t e n t i a l  





S i n c e  d i f f u s i o n  is most e f f e c t i v e  a t  h i g h  a l t i t u d e s  and attachment 
i s  most e f f e c t i v e  a t  low a l t i t u d e s ,  t h e  breakdown  power th re sho ld  as a 
func t ion  o f  a l t i t ude  posses ses  a minimum, occurring approximately where 
v = W .  Because  of  this  dependence upon co l . l i s ion   f requency ,   the   th resh-  
olds  can be manipulated somewhat by c o n t r o l l i n g  t h e  c o l l i s i o n  f r e q u e n c y .  
On t h e  l o w - a l t i t u d e  s i d e  o f  t h e  minimum it i s  d e s i r a b l e  t o  i n c r e a s e  V 
s u c h  a s  t o  s h i f t ,  i n  e f f e c t ,  t o  a low a l t i t u d e  where t h e  t h r e s h o l d  is  
h ighe r .  Th i s  i nc rease  in  V can be accomplished by use of an  in j ec t an t  
t o  coo l  t he  gas ,  t hus  inc reas ing  i t s  d e n s i t y ,  o r  by us ing  an  in j ec t an t  
w i t h   l a r g e r   c o l l i s i o n   c r o s s   s e c t i o n   t h a n   a i r .   U n f o r t u n a t e l y ,   t h i s  
e f f e c t  is  d e l e t e r i o u s  a t  a l t i t u d e s  h i g h e r  t h a n  t h e  minimum, s i n c e  it  
r s d u c e s  d i f f u s i o n  l o s s e s .  
Since R F  i o n i z a t i o n  rates i n  a i r  a t  a g i v e n  f i e l d  s t r e n g t h  and 
p res su re  are somewhat h i g h e r   a t   h i g h e r   t e m p e r a t u r e s ,   c o o l i n g   o f   t h e  7 
h o t  a i r  by a n  i n j e c t a n t  w i l l  d i r e c t l y  a f f e c t  breakdown by reducing v . 
i 
Figure 21 i l l u s t r a t e s  two of  the  above  mechanisms.  This  figure shows 
the  increased  thresholds  measured  ear l ie r  in  co ld  homogeneous mixtures  
of SF and a i r .  From t h e s e   r e s u l t s  i t  has   been   in fer red   tha t  V of 
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FIGURE 21 BREAKDOWN THRESHOLD FOR X-BAND SLOT IN AIR AND SF, (rwm temperature) 
I 
second,  where p i s  t h e  t o t a l  p r e s s u r e  i n  t o r r .  T h i s  rate is about  
10 times t h a t  i n  a i r  alone,  and i s  q u i t e  c l o s e  t o  t h e  rate measured 
by Mahan and Young. I t  appears  tha t  the  only  major  d i f fe rence  be-  
tween the  one-percent  mixture  and  the  100-percent SF is  i n  t h e  c o l l i -  
s ion   f requency ,   mani fes t  as a s h i f t  i n  a b s c i s s a .  The undes i r ab le  re- 
d u c t i o n  i n  t h r e s h o l d  a t  low pressure caused by i n c r e a s e d  c o l l i s i o n  
frequency i s  seen on the extreme lef t -hand s ide of  the 100-percent  
curve .   S ince   there  i s  no  thermal  decomposition  problem  in  the case o f  
Figure 21, the  at tachment  ra te  of 10 p qu i t e  p robab ly  r ep resen t s  t he  
upper bound in  a t t achmen t  e f f i c i ency  tha t  can  be ach ieved  in  the  r een t ry  
plasma layer .  
4 
8 8  
6 
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C. Experimental  Arrangement  and  Procedure -~ 
Figure 22 shows the  appa ra tus  used  in  the  shock  tube  fo r  most  of 
t h e  tests. The X-band s l o t  a n t e n n a  was plugged by a T e f l o n  b l o c k  t o  
make a su r face  f lu sh  wi th  the  brass p l a t e  u s e d  a s  a ground  plane. The 
p l a t e  h a s  a sha rp  l ead ing  edge  to  min imize  the  e f f ec t s  o f  i n t e rcep t ing  
the  f low.  The SF was in jec ted   th rough a porous   p lug   tha t  was placed 
f lush  in  the  p la te  about  1 /2- inch  ups t ream of  the  an tenna .  
6 
I t  was repor ted  by Thompson’ t h a t  t h e r e  i s  an optimum placement  of 
t he  in j ec t ion  po r t  ups t r eam of a n  a p e r t u r e  f o r  t h e r m a l  a l l e v i a t i o n  
e f f e c t s .   A p p a r e n t l y ,   i f   t h e   d i s t a n c e  i s  t o o   g r e a t ,   t h e r m a l  decomposi- 
t i o n  d e g r a d e s  t h e  e f f e c t .  B u t  i f  t h e  d i s t a n c e  i s  t o o  small, the  mixing 
o f  t h e  i n j e c t a n t  may no t  be complete  enough. For  t h e  f a s t e r  s h o c k - t u b e  
f l o w ,  i n  t h e  work r epor t ed  he re ,  it was expec ted  tha t  t he  dep th  o f  
* I t  would be  expec ted  tha t  Taylor ’s  ra tes  would be lower than those 
of Mahan and Young b e c a u s e  t h e i r  work was a t  low electron tempera-  
tu re  where  the  a t tachment  c ross  sec t ion  of  SF6 i s  be l ieved  to  peak ,  




FIGURE 22 PHOTOGRAPH  OF ANTENNA, PROBES, AND POROUS PLUG IN PLATE USED IN SF, INJECTION MEASUREMENTS 
pene t r a t ion  of t h e  i n j e c t a n t  would b e  l i m i t e d .  However, s i n c e  breakdown 
o c c u r s  i n  t h e  h i g h  f i e l d  q u i t e  near t h e  a p e r t u r e ,  it was expec ted  tha t  
a n  e f f e c t  on the  th re sho ld  cou ld  be  d i sce rned  fo r  a lmos t  any pene t r a t ion  
depth .   Because   the   shots  were 1 t o r r  i n i t i a l  p r e s s u r e ,  wedge probes 
were used t o  m o n i t o r  t h e  i o n - d e n s i t y  p r o f i l e s  o f f  t h e  p l a t e ,  b u t  it was 
d e c i d e d  t o  r e p l a c e  t h e s e  by 2-mil-diameter wire p r o b e s  t o  g e t  b e t t e r  
d e f i n i t i o n ,  s i n c e  t h e  wedges are b u l k y  f o r  t h e  scale of  d i s tances  in-  
volved.  Three wire probes were mounted  on a wedge-shaped s t r u c t u r e ,  
located approximately 30, 60,  and 90 m i l s  o f f  t h e  p l a t e  a t  t h e  t r a i l -  
ing  edge.  A f l a t  e l e c t r o s t a t i c  p r o b e  was p l a c e d   f l u s h   i n   t h e   p l a t e  
f o r  a d d i t i o n a l  d i a g n o s t i c s .  P r e s s u r e  t r a n s d u c e r s  were used   in  an at tempt  
t o  d e t e r m i n e  i f  t h e r e  was a measurable  d i f fe rence  i n  pressure  on s h o t s  
* 
when i n j e c t i o n  was u s e d ,  b u t  t h e  r e s u l t s  were not  conclus ive .  
S i n c e  p u l s i n g  t h e  i n j e c t i o n  i n  times comparable with the shocktube 
tes t  time (“100 P )  appeared  only  margina l ly  feas ib le  a t  b e s t ,  i t  was 
d e c i d e d  t o  f i r e  t h e  s h o c k  i n t o  a s t e a d y - s t a t e  s i t u a t i o n  w i t h  t h e  SF 
flowing from the plug and being convected downstream by a flow of a i r  
e s t ab l i shed  by i n j e c t i n g  t h e  a i r  n e a r  t h e  d r i v e r  and pumping r a p i d l y  
a t  t h e  dump-tank  end. The t o t a l   f l o w   o f  a i r  and SF p r i o r  t o  t h e  s h o t  
was 0 . 4  scfm ( s t a n d a r d  c u b i c  f e e t  p e r  minute--volume referenced t o  STP 
c o n d i t i o n s ) .  The SF6 r a t e s  were varied  from  zero  to  0.2  scfm  from  shot 
t o  s h o t .  The 1 - t o r s  i n i t i a l  t u b e  p r e s s u r e  was chosen   ( r a the r   t han  a 
lower  one)   to   minimize  diffusion of t h e  SF toward   the   d r iver .  A s  i t  
was, i t  was es t imated  tha t  severa l  microseconds  of  tes t  time would be  





* The wire spac ing  shown in  F igu re  22 was a l a t e r  a l t e r a t i o n  t h a t  d o e s  
n o t  a p p l y  t o  t h e  d a t a .  
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is predominantly (99%) a i r  over t h e  a p e r t u r e ,  w i t h  SF e n t e r i n g  o n l y  
l o c a l l y .  A n o t h e r  r e a s o n  f o r  s e l e c t i n g  n o  l o w e r  t h a n  1 - t o r r  i n i t i a l  
p re s su re  is t h a t  t h e  breakdown th re sho ld  minimum f o r  X-band occurs  a t  
approximate ly  these  condi t ions .  A shock speed of about 3.25 mm/pS was 
s e l e c t e d  so t h a t  t h e  t e m p e r a t u r e s  were low  enough (3200 K) t o  minimize 
the  thermal  decomposi t ion  of  the  in jec tan t .  
6 
0 
A s i n g l e  microwave pu l se  3 .pS long w a s  t ransmi t ted  dur ing  the  nominal  
test  t i m e  while the shocked a i r  was f lowing over  the antenna,  with the 
r e f l e c t e d  p u l s e  d i s p l a y e d  t o  i n d i c a t e  when, d u r i n g  t h e  p u l s e ,  t h e  RF- 
enhanced electron densi ty  reached approximately the X-band c r i t i c a l  
l e v e l .  The t h e r m a l l y  g e n e r a t e d  e l e c t r o n  d e n s i t y  i n  a i r  was about 
11 3 
10 el/cm f o r  a shock  speed  of 3.25 mm/ps. The  sweep of t h e   o s c i l -  
l o scope  t r aces  w a s  t r i g g e r e d  by an e l ec t ros t a t i c  p robe  ups t r eam of t h e  
p l a t e ,  and t h e  microwave pulse  was t imed by us ing  an  appropr ia te ly  
delayed pulse  to  the magnetron modulator .  
D. Results  of  Measurements 
1. R F  I o n i z a t i o n  
F igure  23 shows a s e q u e n c e  o f  r e f l e c t e d  p u l s e s  f o r  s i x  d i f f e r e n t  
s h o t s ,  c o r r e s p o n d i n g  t o  f o u r  r a t e s  o f  SF i n j e c t i o n  compared with  in- 
j e c t i o n   o f  N ( a s  a c o o l a n t   g a s ) ,  and wi th  no i n j e c t i o n .  The inc iden t  
power in  each  case  was 400 W. Re f l ec t ed  pu l ses  a re  used a s  an  indica- 
t ion  of  breakdown ef fec ts  because  the  re f lec ted  s igna l  shows  an inc rease  
a t  t h a t  t i m e  d u r i n g  a pu l se  when t h e  e l e c t r o n  d e n s i t y  somewhere over  
t h e  a p e r t u r e  r e a c h e s  a p p r o x i m a t e l y  t h e  c r i t i c a l  v a l u e .  Thus t h e  impor- 




NO  INJECTION 
NITROGEN  INJECTION 
AT 6 x lo-’ scfm 
SF, AT 6 X lo-’ scfm 
SF, AT 1.3 x 10” scfm 
SF, AT 2 X IO” scfm 
I”------ 3 -I 
time 
TA-7729-2R 
FIGURE 23 REFLECTED X-BAND PULSES  FOR VARIOUS  INJECTION SCHEMES, 
WITH 400W INCIDENT POWER 
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i n i t i a l   h e i g h t .  For example,   the   fourth  pulse  (SF a t  10 scfm)  shows 
a c l e a r - c u t  c h a n g e  i n  r e f l e c t i o n  c o e f f i c i e n t  s t a r t i n g  a t  1.6 WS. N o t  
only i s  t h i s  a l onge r  t i m e  t h a n  t h e  traces above i t ,  b u t  a l s o  t h e  re- 
f l e c t e d  power does not  reach as  high a l e v e l  a s  i n  t h e  t r a c e s  above it. 
While it a p p e a r s  t h a t  i n  t h e  two l o w e r  t r a c e s  t h e  r e f l e c t i o n  c o e f f i c i e n t  
i s  reduced somewhat  more, r e l a t i v e  t o  t h e  i n i t i a l  p u l s e  h e i g h t ,  t h e  d i p  i n  
t h e  e a r l y  p o r t i o n  o f  t h e  p u l s e  is not  understood.  
* -1 
6 
The n e t  i o n i z a t i o n  r a t e s  ( V  - V ) can be i n f e r r e d  from t h e  t o p  f o u r  
i a 
t r a c e s  i n  F i g u r e  23 by us ing  Eq. ( 4 ) ,  s u b s t i t u t i n g  n = n a t  t = 7, where 
7 i s  the  t ime  r equ i r ed  for n t o  grow t o  n , a s  i l l u s t r a t e d  i n  t h e  f o u r t h  
t r a c e .   T h i s   g i v e s :  
C 
C 
Table  I shows t h e   c a l c u l a t e d   v a l u e s   o f  v cor re spond ing   t o   t he   fou r  
t o p   t r a c e s   i n   F i g u r e  2 3 ,  and the   va lues  of v f o r  t h e  two SF i n j e c t i o n  
r a t e s  i n f e r r e d  from these   va lues .  I t  i s  assumed t h a t  t h e  d e c r e a s e  i n  
i o n i z a t i o n  r a t e s  c a n  b e  a t t r i b u t e d  t o  a combination of cool ing  and 
a t tachment ,  and t h a t  t h e  N c a s e  i n d i c a t e s  how  much is due t o  cool ing  
f o r  t h a t  r a t e  of i n j e c t i o n .  S i n c e  t h e  i n c r e a s e  i n  r e f l e c t e d  power  was 
m i n i s c u l e  a t  t h e  two h i g h e r  r a t e s  of SF i n j e c t i o n ,  s h o t s  were  taken 
wi th  inc iden t  power of 800 W t o  d e t e r m i n e  t h e  e f f e c t s  a t  t h i s  power 
l e v e l .  The d a t a  a r e  shown in   F igure   24 ,  and t h e  i n f e r r e d  r a t e s  a r e  
inc luded   in   Table  I .  I t  appears  from  Table I t h a t  t h e  a t t a c h m e n t  r a t e s  





Only t h e  r e l a t i v e  h e i g h t  is impor t an t  i n  F igu re  23, since the micro-  
wave and o s c i l l o s c o p e  g a i n s  were no t  ma in ta ined  a t  a c o n s t a n t  l e v e l  
from s h o t  t o  s h o t .  The sca l e  o f  I rl on t h e  t o p  t r a c e  is  accura t e  
only for t h i s  t r a c e .  
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TA-7729-23 
FIGURE 24 REFLECTED  X-BAND PULSES  FOR VARIOUS INJECTION 
SCHEMES, WITH 800 W INCIDENT POWER 
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400-W Shots 800-W Shots 
W net 
N2 , 
” 5 X lo7 ” 2.5 X lo7 No injection 
wa ’net ‘a 
6 X loe2 scfm 2.0 X lo7 ” ” 
 SF^, 2 X 10” scfm 
” ” 1.7 X lo7 3 X lo6  SF^, 10-1 scfm 
1.7 x 107 2.3 X lo7 1.5 x lo7 5 X lo6 SF6, 6 X scfm 
” 
7 
” ” 1.3 X 10 2.7 x 10 7 
achieved by the  SF  are  of  the  order  of 10 , with  less  than  proportion- 
ate  increase when the  rate  of  injection is  tripled. In terms of pressure, 
the  rate  varies  from  about 1.5 x 10 p  to 2.7 x 10 p, since  p  is  equiv- 
alent  to  approximately 10 torr for 1-torr  shots.  Although  the  inferred 
attachment  rates  are  considerably  degraded  compared  with  the  rate  of 
10 p  inferred  from  cold-gas  measurements  in  Figure 21, they  are  still 
significant in terms of threshold  reduction.  In  terms  of  the  hot-air 
ionization  rates of Ref. 7 ,  the  improvement  is 3 dB  for CW attachment- 





2 .  Thermal Ionization 
Figure 25 shows  examples  of  the  ion  current  gathered by the  outer- 
most  2-mil  wire  probes  at  the  downstream  edge  of  the  plate  during  a  shot. 
Showing  data  with no injection  and  two  different  rates of SF injection, 
the  data  show  marked  reduction in  the  current.  Other  pertinent  data  are 
given  in  Figure 25 in the  lower  traces,  showing,  for  comparison,  the 
current  collected  by  a wedge  probe  a  few  centimeters  upstream of the 
6 
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FIGURE 25 PROBE-CURRENT  REDUCTION ON 2-mil WIRE PROBE FOR THREE  DIFFERENT 
SHOTS (upper three traces), COMPARED  WITH WEDGE PROBE CURRENT ON 
SIMILAR SHOT SHOWING NOMINAL TEST TIME 
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p l a t e ,  a n d ,  i n  t h e  l o w e s t  t r a c e ,  t h e  microwave. pulse-time monitor on t h e  
same t i m e  scale. The bias on t h e  wire probes on these shots  w a s  -3 v o l t s ,  
a v a l u e  t h a t  b r i n g s  t h e  r a t i o  o f  t h e  i o n - s h e a t h  r a d i u s  t o  t h e  p r o b e  r a d i u s  
c l o s e  t o  t h a t  r a t i o  when a -15 v o l t  b i a s  i s  used  wi th  the  more f a m i l i a r  
10-mil probes.  The e l ec t ron  dens i ty  in fe r r ed  f rom the  2 -mi l  p robes  wi th  
-3 v o l t s  b i a s  w a s  w i th in  20 pe rcen t  o f  t ha t  i n fe r r ed  f rom a previous ly  
c a l i b r a t e d  wedge probe  on  the same sho t  (wi thou t  i n j ec t ion ) .  On a g iven  
s h o t ,  t h e r e  was n e g l i g i b l e  d i f f e r e n c e  among the  th ree  p robes  excep t  i n  
t h e  s h o t s  with n o  i n j e c t i o n ,  when t h e  p r o b e  n e a r e s t  t h e  p l a t e  c o l l e c t e d  
only  one- th i rd  to  one-ha l f  as much c u r r e n t  as t h e  o t h e r  two.  Thus i t  
a p p e a r s  t h a t  t h e  SF p e n e t r a t e d  t o  a t  least  0 .1  i n c h  o f f  t h e  p l a t e  a t  
t h i s  l o c a t i o n  on t h e  p l a t e .  The v a r i a t i o n  o f  t h e  cu r ren t  w i th  time 
dur ing  the  nominal  tes t  time on t h e  two upper  t races  is not understood. 
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Figure  26 shows a compilat ion of  t h e  r e s u l t s  f o r  s e v e r a l  s h o t s ,  
i nc lud ing  a shot   wi th  N a s  t h e  i n j e c t a n t ,  where t h e  i o n  c u r r e n t  i s  
n o r m a l i z e d   t o   t h e   c u r r e n t   w i t h o u t   i n j e c t i o n .   L e v e l s   f o r   a l l   t h r e e  
p robes   a r e  shown i n  t h i s  f i g u r e .  The  same f r a c t l o n a l   r e d u c t i o n   a p p e a r s  
t o  be achieved  whether  the  peak  cur ren ts  (ear ly  in  shot )  or t h e  more-or- 
less s t eady   va lues  a t  approximately 250 t o  300 Ps a r e  p l o t t e d .  S i n c e  
t h e  SF a t t aches   e l ec t rons ,   t hus   fo rming   nega t ive   i ons ,   t he   pos i t i ve  
i o n  c u r r e n t  c o l l e c t e d  by the  probes  may no t  be reduced by a f a c t o r  a s  
g r e a t  as t h a t  by which t h e  e l e c t r o n  d e n s i t y  is reduced. For example, 
i f  t h e r e  i s  no  ion- ion  recombina t ion ,  the  pos i t ive- ion  dens i ty  w i l l  
remain a t  e s s e n t i a l l y  t h e  i n i t i a l  l e v e l ,  which is t h e  same a s  t h e  i n i t i a l  
e l e c t r o n  d e n s i t y .  Whether t h e  i o n  s a t u r a t i o n  c u r r e n t  c o l l e c t e d  by t h e  
probe would be reduced in  this  case depends upon whether  the  nega t ive  
i o n  c u r r e n t  c o l l e c t e d  by t h e  p o s i t i v e  e l e c t r o d e  ( s u c h  as tube  wa l l s ,  








INJECTION RATE - SCFM 
TA-7729-3 
FIGURE 26 CURRENT  COLLECTED BY 2-mil WIRE PROBES AS FUNCTION 
OF  INJECTION  RATE 
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p o s s i b l e  t h a t  t h e  e l e c t r o n  d e n s i t y  i n  t h e s e  tes ts  was  reduced by a 
f a c t o r  g r e a t e r  t h a n  t h e  p o s i t i v e  i o n  c u r r e n t s  shown i n  F i g u r e  26.  
E.  Discussion  and  Conclusions 
The b r i e f  n a t u r e  of t h i s  e x p l o r a t o r y  s t u d y  d i d  n o t  a l l o w  a d e t e r -  
minat ion of optimum l o c a t i o n  o f  t h e  i n j e c t i o n  p o r t s ,  of optimum in jec-  
t i o n  scheme, e tc .  The r ange  o f  r a t e s  o f  i n j ec t ion  appea red  to  be  High 
enough t o  b e  e f f e c t i v e  w i t h o u t  b e i n g  e x c e s s i v e .  For example,   the  f lux 
of  the  hypersonic  a i r  down the shock tube was approximately 60 S C f m  per  
square  inch  of  c ross -sec t iona l  a rea .  
I t  would b e  d e s i r a b l e  t o  d e t e r m i n e  by d i r e c t  measurement whether 
t he  the rma l  e l ec t ron  dens i ty  was indeed reduced more than t h e  ion cur-  
r e n t  r a t i o s  shown in   F igu re  26. However, t he   t r aces   o f   F igu re  23 can 
b e  i n t e r p r e t e d  t o  i n d i c a t e  t h a t  t h e  e l e c t r o n  d e n s i t y  was not reduced by 
several   orders   of   magni tude.  The impor tan t   ind ica tor  i s  t h e  i n i t i a l  
s l o p e  o f  t h e  r e f l e c t e d  p u l s e  when t h e  R F  i o n i z a t i o n  e f f e c t s  a r e  f i r s t  
seen  (around n = n ) .  By eva lua t ing  E q s .  ( 3 )  and ( 4 )  a t  n = n , corrc-  
sponding  to  t = 7 ,  and e l imina t ing  (u. - u ) between  them, a r e l a t i o n -  
ship  between n and ( a d a t )  i s  der ived:  
C C 
1 a 
0 t= 7 
Thus f o r  c o n s t a n t  n and  constant T, t h e  s l o p e  a t  t = 7 depends  only 
on n . Although  the  dependence i s  weak because  of   the  funct ion An, 





of  n v s .  t ,  h e n c e   i n   t h e   s l o p e   o f   t h e   r e f l e c t e d   p u l s e s .  Thus t h e  
lower four  traces i n  F i g u r e  23, which have approximately equal  values  
of 7 as r equ i r ed  fo r  t h i s  compar i son ,  would show i n c r e a s i n g l y  s t e e p  
i n i t i a l  s l o p e s  as t h e  i n j e c t i o n  ra te  i n c r e a s e s  i f  t h e r e  were orders -  
of-magnitude reduct ion in  n . For a more tho rough  s tudy  o f  t h i s  t ype ,  
a measurement ,  say,  with vol tage-swept  probes or  a microwave i n t e r -  
fe rometer ,  should  be used  to  de te rmine  more accu ra t e ly  the  r educ t ion  




I t  thus  appea r s  t ha t  a modest a l l e v i a t i o n  w a s  ach ieved  in  these  
tests wi th  respec t  to  both  thermal  and  RF i o n i z a t i o n ,  a n d  t h e  b a s i c  
method for e x p l o r i n g  t h e  e f f e c t s  was a good one.  The  thermal  ioniza- 
t i on  r educ t ion  o f  one  o rde r  o f  magn i tude  cou ld  be  qu i t e  s ign i f i can t  fo r  
s i t u a t i o n s  w h e r e  t h e  e l e c t r o n  d e n s i t y  i s  j u s t  a b o v e  c r i t i c a l .  F o r  
breakdown t h r e s h o l d  e f f e c t s ,  it a p p e a r s  t h a t  t h e  3-dB improvement f o r  
attachment-controlled breakdown is t h e  b e s t  t h a t  w a s  ob ta ined  a t  t h e s e  
t e m p e r a t u r e s ,   i n   a d d i t i o n   t o  a modest c o o l i n g   e f f e c t .   I n   t h i s   t e m p e r a -  
t u r e  r a n g e ,  and h ighe r ,  a r e d u c t i o n  i n  n t o  f r e e - d i f f u s i o n  l e v e l s  d o e s  
n o t  a p p e a r  t o  b e  f e a s i b l e  u n l e s s  t h e  c o n f i g u r a t i o n ,  i n j e c t i o n  scheme, 
e tc .   used   here  were f a r  from  optimum.  However, it is  expec ted   t ha t   t he  
s i t u a t i o n  would improve markedly with small reduction in a i r  temperature  
d u e  to   reduced   deconpos i t ion  of SF . Because   o f   th i s ,   one   could   expec t  
6 
to  ach ieve  cons ide rab le  improvement ( -  6 dB) i n  d i f f u s i o n - c o n t r o l l e d  
0 
10 
* Al though  no  quan t i t a t ive  s tud ie s  o f  t h i s  phenomenon have  been made, 
the  au thor  has  cons is ten t ly  observed  the  cont ras t  be tween resu l t s  
such  as  those  shown in  F igu re  23  and  the  r e f l ec t ed  pu l ses  in  co ld -  
gas  breakdown,  where n /n % lo6 or more.  Only t h e  ear ly  s lopes  
can  be  used  s ince  the  se ly-quenching  a t tenuat ion  due  to  the  RF ion i -  
z a t i o n  b e g i n s  t o  t a k e  e f f e c t  a n d ,  a l o n g  w i t h  c o n v e c t i o n  e f f e c t s ,  
causes  a " s a t u r a t i o n t 1  l e v e l  o f  r e f l e c t e d  s i g n a l .  
C 
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breakdown  (high  altitudes)  at  air  temperatures  below 3000°K, but  high 
enough  for  n  to  be  above  free-diffusion  levels.  Such an  application 
might  be  particularly  important  in  the  case  of  reentry  of  lifting  ve- 
hicles,  such as  the  space  shuttle,  where  relatively  modest  air  temper- 
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